GDP/GTP nucleotide exchange in Rho family of small JNK-1 activity was measured in an immunocomplex kinase assay as described in the Experimental Procemolecular weight GTP-binding proteins.
dures. Expression of SopE resulted in an efficient stimulation of JNK-1 activity when compared to the vector Results control (Figure 2A ). In contrast, transient expression of SopE did not result in significant Erk activation (Figure SopE Induces Membrane Ruffling 2B). Equivalent results were obtained when cells were in Cultured Cells transfected with full-length SopE (data not shown). These SopE is translocated into host cells upon bacterial infecresults demonstrate that, like S. typhimurium, SopE is tion and is required for efficient bacterial entry into host capable of stimulating both cytoskeletal and nuclear cells (Wood et al., 1996; Hardt et al., 1998) . In order responses. to investigate the function of this protein without the interference of other putative effectors delivered by S. typhimurium into host cells, COS-1 cells were transiently
SopE-Mediated Ruffling and Nuclear Responses transfected with a dicistronic expression vector in which
Are Dependent on CDC42 and Rac-1 cells expressing SopE could be identified by the coupled
We have previously shown that S. typhimurium-induced expression of the green fluorescent protein (GFP) (Chen cytoskeletal rearrangements and nuclear responses are et al., 1996) . As shown in Figure 1 ,I, expression of SopE strictly dependent on the function of CDC42 and, to a induced profuse membrane ruffling and actin cytoskelesser extent, Rac-1 . We therefore leton reorganization, which resembled the responses investigated whether SopE-mediated cellular responses stimulated by S. typhimurium infection. However, in conwere also dependent on the function of these GTPases. trast to the bacteria-induced membrane ruffles, which COS-1 cells were cotransfected with a plasmid vector are localized to the point of bacteria/host cell contact encoding M45-epitope-tagged SopE 78-240 and a 2.5-fold (Takeuchi, 1967; Finlay and Falkow, 1990 ; Ginocchio et excess of plasmids encoding dominant negative forms al., 1992), the cytoskeletal rearrangements induced by of either CDC42Hs (CDC42HsN17), Rac-1 (Rac-1N17), SopE expression were distributed throughout the cell. or H-Ras (H-RasN17). As shown in Figure 3A , expression In this sense, the SopE-induced ruffles more closely of CDC42HsN17 or Rac-1N17 completely abrogated the resembled the actin cytoskeleton changes evoked by cytoskeletal rearrangements induced by SopE . In the expression of constitutively active Rac-1 (Ridley et contrast, cotransfection with RasN17 or the vector conal., 1992; data not shown). Expression of an M45-epitrol had no effect on SopE-mediated membrane ruffling tope-tagged derivative of SopE ) lacking its and cytoskeletal reorganization ( Figure 3A ). These results secretion and translocation signals also induced proindicate that, as for S. typhimurium-induced cellular refuse ruffling activity, indicating that these functional dosponses, SopE-mediated actin cytoskeleton rearrangemains are not necessary for the effector function of this ments are dependent on the function of the Rho-like protein (Figure 1,I ). In contrast, expression of SopE GTPases CDC42 and Rac-1 but do not require the func- (Figure 1,I ) or SopE 1-205 (data not shown) failed to stimution of Ras. We then investigated whether SopE-induced late membrane ruffling. To characterize further the ruf-JNK activation was also dependent on CDC42 and Rac-1. fling activity of SopE, COS-1 cells were microinjected COS-1 cells were transfected with a vector encoding with purified GST-SopE 78-240 and examined by timeFlag-epitope-tagged JNK-1 along with vectors encoding lapse video microscopy. Prominent lamellopodia and SopE 78-240 and different amounts of either CDC42HsN17, profuse ruffling activity were observed as early as 5 min Rac-1N17, or the empty vector control. Cotransfection after microinjection and continued steadily for as long of SopE with dominant negative forms of CDC42Hs or as 60 min (Figure 1,II) . Rhodamine-phalloidin staining of Rac-1 effectively blocked JNK activation ( Figure 3B ), GST-SopE 78-240-microinjected cells confirmed the inducimplicating these GTPases in the SopE-mediated nution of marked actin cytoskeleton rearrangements by clear responses. Taken together, these results indicate the microinjected protein (Figure 1,II) . Microinjection of that SopE exerts its function either directly on these the same concentration of purified GST protein alone members of the Rho family of GTPases or on elements of had no effect on the actin cytoskeleton of COS-1 cells a signaling pathway upstream of these small G proteins. (data not shown). These results demonstrate that SopE is capable of inducing very rapid actin cytoskeleton rearrangements and membrane ruffling, implicating this SopE-Mediated Ruffling Directs the Internalization protein as an effector of similar responses induced by of Invasion-Defective S. typhimurium S. typhimurium.
S. typhimurium entry into host cells is dependent on the ability of the bacterium to induce membrane ruffling in infected cells. S. typhimurium strains that carry lossSopE Induces JNK Activation We have previously shown that, in addition to cytoskeleof-function mutations in components of the invasionassociated type III secretion system are incapable of tal rearrangements, S. typhimurium stimulates nuclear responses in cultured cells inducing membrane ruffling and therefore are unable to enter into host cells (Galá n et al., 1992; Ginocchio et al., et al., 1997) . We therefore investigated the possibility that SopE was capable of stimulating nuclear responses 1992). We investigated whether the membrane ruffling activity induced by SopE was sufficient to allow the in cultured cells. COS-1 cells were cotransfected with a vector encoding a Flag-epitope-tagged JNK-1 and a internalization of an invasion-defective mutant strain of S. typhimurium. COS-1 cells were transfected with a vector encoding M45-epitope-tagged SopE 78-240 , and the (I) COS-1 cells were transfected with either a dicistronic vector encoding SopE and GFP (pSB1141) (B and F), the GFP vector alone (pSB965) (A and E), a vector encoding either an M45 epitope-tagged SopE78-240 (pSB1186) (C and G), or an M45 epitope-tagged SopE115-240 (pSB1187) (D and H). Thirty-six hours after transfection, the actin cytoskeleton and DNA were visualized by staining with rhodamine-labeled phalloidin and DAPI (A-D), and transfected cells were identified by visualizing either the GFP (E and F) or by staining with a monoclonal antibody directed to the M45 tag (G and H). (II) COS-1 cells were microinjected with purified GST-SopE (1 mg/ml in microinjection buffer) and cells observed by time lapse video microscopy (A) or by staining with rhodamine-phalloidin (to visualize the actin cytoskeleton) and anti-GST monoclonal antibody followed by a FITC-labeled anti-mouse antibody (to identify microinjected cells) (B) 45 min after microinjection.
and GST-SopE59-240, indicating that the secretion and translocation domains of this protein are not required for binding ( Figure 5B ). Preincubation of the filters with an excess of unlabeled GST-SopE 78-240 effectively prevented binding of the radiolabeled SopE probe (data not shown). In contrast, preincubation of filters with GST alone had no effect on SopE-binding activity (data not shown). These results confirmed that SopE binds specifically to the recombinant bacteriophage proteins. A 0.8 kb insert of one of the recombinant gt11 bacteriophages (clone #42) was subcloned and its entire nucleotide sequence was determined. Nucleotide sequence Rac-1 or a very closely related protein (i.e., Rac-2) (Figure 5C ). The remaining recombinant phage (#13) exhibited strong hybridization to the CDC42Hs probe ( Figure  SopE -GFP dicistronic expression vector and subse-5C). Nucleotide sequence analysis of this clone conquently infected with a noninvasive mutant strain of S.
firmed that it encodes CDC42Hs. typhimurium carrying a null mutation in invG, an essenThe specificity of the binding of SopE to these small tial component of the invasion-associated type III proGTPases was tested in a competition assay. Preincubatein secretion system (Kaniga et al., 1994) . As shown in tion of the 32 P-labeled SopE probe with an excess of Figure 4 , SopE expression led to the efficient internalizaunlabeled GST-CDC42 ( Figure 5D ) or GST-Rac-1 (data tion of the invasion-defective S. typhimurium invG munot shown) prevented SopE binding to recombinant tant strain into transfected cells. In contrast, transfection gt11 plaque filter lifts. In contrast, preincubation with of cells with the empty vector alone did not lead to purified unlabeled GST-H-Ras had no effect on SopE measurable bacterial internalization ( Figure 4B , control binding ( Figure 5D ). Small GTP-binding proteins can exlane). Cotransfection of cells with the dicistronic plasmid ist in at least three different conformations: nucleotideencoding SopE and an excess of plasmids encoding domifree, GTP-bound, or GDP-bound states (Bourne et al., nant negative alleles of either CDC42Hs (CDC42HsN17) 1990). To determine if the status of nucleotide binding or Rac-1 (Rac1N17) effectively prevented bacterial interof the small GTP-binding proteins would influence their nalization ( Figure 4 ). In contrast, cotransfection with interaction with SopE, we tested the effect of the addidominant negative H-Ras (H-RasN17) had no effect on tion of the nonhydrolyzable nucleotide GTP-␥-S or GDP SopE-mediated S. typhimurium internalization (Figure to the binding reaction. As shown in Figure 5D , addition 4). These results indicate that SopE-mediated ruffling is of 20 M of GTP-␥-S or GDP significantly reduced bindcapable of inducing bacterial internalization and that ing of SopE to the recombinant bacteriophage plaques, such activity is dependent on the function of CDC42
indicating that SopE preferentially interacts with the nuand/or Rac-1.
cleotide-free form of these GTPases. Taken together, these results show that SopE can interact directly and Identification of the Cellular Targets of SopE specifically with Rac-1 and CDC42Hs, strongly sugThe observations that SopE is translocated into host gesting that these small GTP-binding proteins are the cells during S. typhimurium infection (Wood et al., 1996) cellular targets for this bacterial effector. and that this protein is capable of stimulating cellular responses in a CDC42-and Rac-1-dependent manner strongly suggest that SopE is an effector that exerts its SopE Stimulates GDP/GTP Nucleotide Exchange in Members of the Rho Subfamily function by acting directly on these GTPases or on host cell targets located upstream of these small G proteins.
of GTPase In Vitro Activation of GTP-binding proteins during signal transTo gain insight into the mechanisms by which SopE exerts its function, we screened a gt11 HeLa cell cDNA duction occurs through their direct interaction with proteins that influence their guanine nucleotide binding library for cellular proteins that could interact directly with this bacterial protein. Approximately 1.1 ϫ 10 6 restate (Boguski and McCormick, 1993) . The results indicating that SopE-induced cellular responses were decombinant bacteriophage plaques were screened using 32 P-labeled SopE as a probe (see Experimental Procependent on the function of CDC42 and Rac-1, coupled to the finding that SopE can directly bind to these dures). In total, eight recombinant bacteriophage plaques that displayed binding activity toward SopE were isoGTPases, prompted us to investigate whether SopE could influence the GDP/GTP exchange of these GTPlated from this library ( Figure 5 ). Purified plaques exhibited equal binding activity to full-length 32 P-labeled SopE binding proteins. First, we studied the ability of a GST- (A) COS-1 cells were cotransfected with a plasmid vector encoding M45 epitope-tagged SopE78-240 and a 2.5-fold excess of plasmids encoding dominant negative forms of either CDC42Hs (CDC42HsN17), Rac-1 (Rac-1N17), or H-Ras (H-RasN17), or the vector alone. Forty-eight hours after transfection, cells were stained with rhodamine-labeled phalloidin and DAPI to observe the actin cytoskeleton and DNA (top panels), with the M45 monoclonal antibody to identify SopE-transfected cells (bottom panels), or with anti T-7 epitope monoclonal antibody to identify H-RasN17 (bottom right panel).
(B) COS-1 cells were transfected with a vector encoding Flag epitope-tagged JNK-1 along with vectors encoding SopE 78-240 and different amounts of either CDC42HsN17, Rac-1N17, or the empty vector control. The JNK-1 activity was measured in an immunocomplex kinase assay.
SopE78-240 to induce the release of [ 3 H]GDP from Rac-1. release induced by SopE and EDTA after 45 min was similar, although the kinetics of nucleotide release were For comparative purposes, we included in these experiments parallel incubations of Rac-1 with EDTA, a comsignificantly faster with EDTA (t1/2Ͻ5 min) ( Figure 6A ). To corroborate the activity of SopE with a different expound that induces the release of bound nucleotides due to the chelation of Mg 2ϩ . As shown in Figure 7A , perimental approach, we measured the incorporation of [ 35 S]GTP-␥-S molecules into GDP-loaded Rac-1 in the the incubation of Rac-1 with buffer alone led to a slow release of the labeled nucleotide even after 45 min at presence of SopE. Under these experimental conditions, GST-SopE 78-240 was also able to enhance the exchange room temperature (t 1/2 Ͼ45 min). By contrast, the inclusion of SopE protein in the reaction led to the rapid of nucleotides in Rac-1 ( Figure 6B ). Titration experiments showed that this activity was proportional to the release of [ 3 H]GDP from Rac-1 in a time-dependent manner (t 1/2 ≈10 min) ( Figure 6A Figure 6D , in contrast to , the in vivo inactive GST-SopE 115-240 protein was capable of inducing only a marginal exchange of nucleotides on Rac-1 in both experimental conditions, establishing a correlation between the in vitro and in vivo activities of SopE.
The finding that SopE can also bind to CDC42 and that the SopE-induced responses required the function of this GTP-binding protein but not H-Ras (see above) prompted us to investigate the specificity of the SopE activity toward other GTPases. We examined the nucleotide exchange activity of GST-SopE 78-240 on representative members of the Rho family (Rac-1, Rac-2, RhoA, RhoB, RhoC, RhoG, and CDC42) and more distantly related GTPases (H-Ras, TC21, and Ran). As illustrated in Figure 7A , SopE stimulated GTP/GDP exchange in Rac-1, Rac-2, CDC42, RhoG, and to a lesser extent, RhoA. In contrast, SopE did not induce significant nucleotide exchange on RhoB, RhoC, Ran, H-Ras, or TC21 under identical experimental conditions ( Figure 7A and 7B). Similar specificity was observed when the wild-type SopE protein was used in these assays (data not shown). These results demonstrate that SopE can stimulate nucleotide exchange in vitro in a specific subset of GTPases of the Rho subfamily.
Discussion
S. typhimurium stimulates host cell signal transduction pathways that lead to cytoskeletal and nuclear responses Hobbie et al., 1997) . These responses are essential for the pathogenicity of these cultured cells resulted in the induction of rapid and pronounced membrane ruffling and actin cytoskeleton rearrangements. These morphological changes resembled nucleotide exchange occurred even at 28-fold molar excess of Rac-1 over SopE ( Figure 6C) .
those induced by S. typhimurium infection (Takeuchi, 1967 ; Finlay and Ruschkowski, 1991; Ginocchio et al., To correlate the biochemical activity of SopE in vitro 1992). However, in contrast to the Salmonella-induced membrane ruffles tended to be distributed throughout the cell. This difference may simply reflect the more membrane ruffles, which tend to be localized to the point of bacteria-host cell contact, the SopE-induced localized nature of the signal delivered by the bacterium in contrast to the more diffuse localization of the effector that requires the function of the invasion-associated type III secretion system (Hobbie et al., 1997) . Activation molecule delivered by either transfection or microinjection. In fact, despite the differences in the distribution of these kinases leads to the nuclear responses that ultimately mediate proinflammatory cytokine producof the cytoskeletal rearrangements, the SopE-induced ruffles were very efficient at mediating the internalization tion. We have shown in this study that transient expression of SopE also leads to JNK activation, indicating that of a noninvasive S. typhimurium mutant strain. These results further demonstrate the close similarity between this protein is capable of stimulating signaling pathways that can lead to both nuclear and morphological reSopE-mediated and bacteria-induced membrane ruffles.
In addition to actin cytoskeleton rearrangements, S. sponses. These results also indicate that S. typhimurium may use the same effector to stimulate two distinct typhimurium infection results in the stimulation of the three MAP kinase modules, Erk, JNK, and p38, a process types of responses in the host cell. Small molecular weight GTP-binding proteins regulate similarity with either Rho GDSs or DH-containing proteins (Hardt et al., 1998) , suggesting that it may exert diverse signaling pathways leading to a large variety of cellular responses. Central to their function is the ability its activity via different structural constraints as those required for the function of the eukaryotic exchange to cycle between a GTP-bound (active) and a GDPbound (inactive) conformation, allowing them to function factors. Alternatively, it is possible that despite the lack of primary sequence similarity, the tertiary structure of as molecular switches that control a large array of signaling events in a temporal and spatial manner (Bourne et SopE may have some resemblance to that of those exchange factors. al., 1990). The Rho subfamily of small G proteins has been implicated in the regulation of signaling pathways
The biochemical characterization of SopE has revealed some overlapping properties with GDSs and DH-conthat specifically lead to cytoskeletal reorganization as well as nuclear and mitogenic responses (Hotchin and taining GEFs. For instance, like DH-containing proteins, SopE activity is limited to the Rho subfamily of GTPases Hall, 1996) . We have previously shown that the induction of both cytoskeletal and nuclear responses by S. typhiand does not require the prenylation of the GTPases for efficient exchange activity. Furthermore, SopE appears murium requires the function of at least two members of this family of proteins, CDC42, and to a lesser extent, to bind preferentially to the nucleotide-free form of the GTPases and promote nucleotide exchange at substoiRac-1 . Consistent with this finding, we have shown here that SopE-induced cellular rechiometric concentrations, both properties observed in DH-containing exchange factors (Cerione and Zheng, sponses are also dependent on the function of these two small GTP-binding proteins. The function of these 1996) but not in GDSs (Xu et al., 1997) . On the other hand, SopE promotes a more efficient [ 3 H]GDP release GTPases is regulated by proteins that influence their guanine nucleotide binding state. Thus, regulatory profrom wild-type Rac-1 than from Rac-1L61, a missense mutant affecting a residue in the switch-2 region of this teins have been identified that stimulate the intrinsic GTPase activity of small G proteins (GAPs), inhibit (GDIs) GTPase (our own unpublished data). Such a behavior is not observed on DH-containing proteins (Li and Zheng, or stimulate (GDSs) nucleotide dissociation, or stimulate the exchange of GDP for GTP (GEFs) (Boguski and 1997) but has been previously reported for the interaction of smgGDS with Rac-2 (Xu et al., 1997) . Therefore, McCormick, 1993) . We have presented evidence that demonstrates that SopE can activate several members according to its biochemical properties, SopE cannot be assigned unequivocally to either of these two families of the Rho subfamily of GTPases in vitro. SopE was able to induce both the binding of [ in vitro. This includes not only CDC42 and Rac-1, which have been implicated in S. typhimurium-induced cellular several (but not all) members of the Rho subfamily of GTPases, but not with more distantly related GTPases responses , but also other small G proteins, such as RhoA and RhoG, for which a role in such as H-Ras, TC21, and Ran, indicating specificity of SopE for a subset of substrates.
bacteria-induced signaling has not been described. It is therefore possible that SopE may not engage these All GEFs for GTPases from the Rho family share an ‫-002ف‬amino acid motif, the Dbl homology domain (DH), Rho GTPases in vivo. Alternatively, bacteria-induced signaling events requiring these GTPases may not have followed by a second ‫-001ف‬amino acid signaling motif, the pleckstrin homology domain (PH) (Feig, 1994; Ceri- been identified as yet. Expression of a dominant-interfering mutant of Rac-1 one and Zheng, 1996). Amino acid sequence comparisons indicate that SopE does not share any significant (Rac-1N17) blocked SopE-induced cellular responses.
Purification of GST Fusion Proteins
In contrast, expression of the same Rac-1 mutant either Purification of GST fusion proteins was carried out as described partially blocked S. typhimurium-induced cellular reelsewhere (Guan and Dixon, 1991) with minor modifications. Eluted sponses or, under some experimental proteins were dialyzed against a buffer containing 10 mM Tris-HCl conditions, had no effect on bacterial entry ( completely abrogates bacteria-induced signaling (Chen standard. et al., 1996) . Consistent with this notion is the observation that although a loss-of-function mutation in sopE Cell Microinjection and Transfection renders S. typhimurium defective for signaling, these
Cell transfection, microinjection, and immunofluorescence microscopy was carried out as previously described (Collazo and Galá n, bacteria still retain signaling capacity (Wood et al., 1996; Hobbie et al., 1997; Fu and Galá n, 1998) . Hardt et al., 1998) . Such an effector molecule(s) must also be a target of the centisome 63 type III secretion
Bacterial Internalization Assay system, as S. typhimurium mutants defective in this
To measure the SopE-mediated internalization of noninvasive bacsystem are completely unable to induce cellular reteria, COS-1 cells were grown on glass coverslips and transfected sponses (Ginocchio et al., 1992; Pace et al., 1993; Hob- with a total of 1 g of DNA of a dicistronic vector expressing SopE and GFP as described above. Forty-eight hours after transfection, bie et al., 1997).
the cells were washed and infected at a multiplicity of infection of
We have described here the characterization of an S.
with the noninvasive S. typhimurium invG mutant strain SB161
typhimurium effector molecule that, upon delivery into (Kaniga et al., 1994 gaging cell surface receptors, the results described here establish a paradigm in which the pathogen induces
JNK and Erk Kinase Assays
signaling events by directly engaging the signaling ma-COS-1 cells were grown in 6 cm tissue culture dishes and chinery within the host cell through the delivery of an transfected by the calcium phosphate method using a total of 10 g of DNA. The amounts of the different plasmids used in the transeffector protein.
fections were as follows: 4 g of pcDNA3-Flag-JNK, 1 g of pSB1186 (M45-SopE), 1-2 g pcDNA3-CDC42N17, 0.5-1 g pCGT7rac-1N17, Experimental Procedures 1 g pHA-Erk2, 0.5 g pCGT-H-RasV12, or equivalent amounts of the respective vector DNAs. Cell lysates were harvested 40-44 hr Bacterial Strains and Plasmids after transfection and the levels of JNK and Erk kinase activity meaThe wild-type S. typhimurium strain SL1344 and its isogenic mutant sured by an immunocomplex kinase assay as described elsewhere derivative strain SB161, which carries a nonpolar mutation in the (Bagrodia et al., 1995) . invG gene, have been previously described (Kaniga et al., 1994) . Plasmid pSB1141 encodes the full-length sopE in the first cistron gt11 HeLa cDNA Library Screening and the green fluorescent protein in the second cistron (Chen et al., Purification and 32 P labeling of the SopE protein probe were carried 1996). Plasmid pSB1186 expresses under the control of an SV40 out as follows. A form of SopE encoded by the plasmid pSB1181 early gene promoter a derivative of SopE that lacks the first 78 (see above) carrying a phosphorylation site for the 3Ј,5Ј-cAMPamino acids containing its secretion and translocation signals dependent protein kinase at its carboxy terminus was purified from (W.-D. H. and J. E. G., unpublished data) and is tagged at its carboxy culture supernatants of the nonflagellated S. typhimurium strain terminus with an M45 epitope. Absence of the secretion and translo-SB245. This strain carries loss-of-function mutations in the genes cation signals improves the expression of sopE in eukaryotic cells encoding all major substrates of the centisome 63 type III secretion but has no observable effect on the cellular responses induced by system (K. Kaniga and J. E. G., unpublished data), and the SopE this protein. The M45 epitope (MDRSRDRLPPFETETRIL) is derived protein constituted more than 90% of the total protein in the preparafrom the E4-6/7 protein of adenovirus (Obert et al., 1994) . Plasmid tion (data not shown). Labeling of the purified SopE protein was pSB1187 expresses M45 epitope-tagged SopE115-240 under the concarried out as previously described (Rashidbaigi et al., 1985) with trol of an SV40 early gene promoter. Plasmid pSB1188 and pSB1330 minor modifications. Autoradiography of analytical SDS-PAGE gels are derivatives of pGEX plasmid vectors (Guan and Dixon, 1991) , was used to verify that SopE was the only major protein labeled in which encode fusion proteins between glutathione S-transferase the preparation. The screening of the gt11 HeLa cDNA Library (GST) and residues 78-240 or 115-240 of SopE, respectively. Plas-(Clontech) was carried out as recommended by the manufacturer. mid pSB1181 encodes full-length SopE with an M45 epitope tag and DNA from recombinant bacteriophages was obtained from plate a phosphorylation site (RRASV) for 3Ј,5Ј-cAMP-dependent protein lysates following standard procedures; cDNA inserts were retrieved kinase from bovine heart muscle at the carboxy terminus (Rashidby digestion with BsiWI, cloned into the Acc65I site of pBluescript baigi et al., 1985) . In this plasmid, sopE is expressed under the SKIIϩ, and sequenced using primers derived from gt11 sequences control of the PBAD promoter (Guzman et al., 1985) . Plasmid pSB1190 upstream and downstream from the cloning site. is a derivative of pGEX-KG, which encodes a fusion protein between GST and residues 59-240 of SopE carrying a 3Ј,5Ј-cAMP-dependent Bacteriophage Plaque Binding Assay protein kinase phosphorylation site. Plasmids encoding CDC42N17
One microliter of purified recombinant gt11 bacteriophage suspenand RacN17 are derivatives of pcDNA3 and have been described sions ‫2ف(‬ ϫ 10 7 pfu/ml) was dotted onto a soft agarose-overlayed elsewhere . Plasmids expressing GST fusions to lawn of E. coli strain Y1090r Ϫ and incubated at 42ЊC for 2 hr. A CDC42, Rac-1, Rac-2, RhoA, RhoB, RhoC, RhoG, Ran, H-Ras, and nitrocellulose filter pretreated with a solution of IPTG (10 mM) was TC21 are all derivatives of pGEX-KG and have been described elsewhere (Crespo et al., 1997) .
then placed on top of each plate and incubated at 37ЊC for 4 hr.
Filters were removed, washed extensively in blocking buffer (10 mM Collazo, C., and Galá n, J.E. (1997). The invasion-associated type III system of Salmonella typhimurium directs the translocation of Sip MgCl2, 0.1% NP40, 2% BSA in PBS), and incubated in the same buffer overnight at 4ЊC. Filters were then probed with 32 P-labeled proteins into the host cell. Mol. Microbiol. 24, 747-756. SopE (specific activity ca. 2 ϫ 10 7 dpm/microgram) in blocking buffer Collazo, C.M., Zierler, M.K., and Galá n, J.E. (1995) . Functional analyfor 4 hr at room temperature. In competition assays, the appropriate sis of the Salmonella typhimurium invasion genes invI and invJ and purified proteins (final concentration 3 g/ml), GDP, or GTP-␥-S identification of a target of the protein secretion apparatus encoded (final concentration 20 M) was added to the binding reaction. Filters in the inv locus. Mol. Microbiol. 15, 25-38. were washed extensively with blocking buffer, dried, and examined Crespo, P., Schuebel, K.E., Ostrom, A.A., Gutkind, J.S., and Bustelo, by autoradiography.
X.R. (1996) . Cross-talk between bacterial 60 pmol of GST-Rac-1 was incubated in 20 mM Tris-HCl (pH 7.5), pathogens and their host cells. Annu. Rev. Cell Dev. Biol. 12, 1 mM MgCl 2, 1 mM DTT, 100 mM NaCl, 40 g/ml BSA, and 7.5 M 219-253. [
